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Abstract

Bovine herpesvirus 1 (BoHV-1) is an important pathogen of cattle and cofactor for
bovine respiratory disease, a polymicrobial disease. Acute infection of cattle leads to
abundant expression of lytic cycle viral genes, high levels of virus shedding, and
clinical symptoms. Following acute infection, lifelong latency is established in sensory
neurons. Only the latency-related (LR) gene locus, which encodes at least two micro-
RNAs and several proteins, is abundantly expressed in latently infected neurons.
Increased corticosteroids, due to external stressors, disrupt the maintenance of latency
and increase the incidence of reactivation from latency, which is crucial for virus
transmission. For example, calves latently infected with BoHV-1 consistently
reactivate from latency following a single intravenous (IV) injection of the synthetic
corticosteroid dexamethasone. In contrast to wild-type BoHV-1, an LR-mutant virus
that has three in-frame stop codons at the amino terminus of the first open reading
frame in the LR gene (ORF2) does not reactivate from latency following dexametha-
sone treatment. The ability of dexamethasone to initiate BoHV-1 reactivation from
latency in calves makes it an attractive model to identify early events that occur
during reactivation from latency. Viral and cellular factors that regulate the BoHV-1
latency-reactivation cycle are discussed in this review.

Keywords: bovine herpesvirus 1, latency, sensory neurons, stress-induced reactiva-
tion, glucocorticoid receptor, Wnt signaling pathway, pioneer transcription factors

1. Introduction

Bovine herpesvirus 1 (BoHV-1) is a large double-stranded DNA virus that causes significant
economical losses to the cattle industry. Acute infection is typically initiated in mucosal

I NT E C H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,

open science | open minds and reproduction in any medium, provided the original work is properly cited.



238 Herpesviridae

epithelium and leads to high levels of virus shedding. Infection of cattle with BoHV-1 can lead
to conjunctivitis, pneumonia, genital disorders, abortions, and bovine respiratory disease
complex (BRDC), a life-threatening upper respiratory tract infection, reviewed in [1, 2]. In spite
of high levels of viral replication, cellular and humoral immune responses eventually clear the
virus.

Like other Alphaherpesvirinae subfamily members, BoHV-1 establishes lifelong latency in
ganglionic neurons within the peripheral nervous system [3]. The latency-reactivation cycle
can be operationally divided into three distinct phases: (1) establishment, (2) maintenance,
and (3) reactivation from latency. In contrast to acute infections where all viral genes are
abundantly expressed, the latency-related (LR) gene is the only viral transcript abundantly
expressed in sensory neurons within trigeminal ganglia (TG) of latently infected calves during
the maintenance of latency [4-6]. LR-RNA is antisense with respect to the bICP0O gene [7, §],
which encodes a major viral transcriptional trans-activator. The LR gene encodes at least two
micro-RNAs and more than one protein. These proteins and micro-RNAs are detected in a
subset of latently infected neurons [9-11] implying that they regulate certain aspects of the
latency-reactivation cycle. LR protein expression is necessary for the latency-reactivation
cycle [12]. The synthetic corticosteroid dexamethasone (DEX) consistently induces reactivation
from latency in calves or rabbits, reviewed in [1, 2]. Reactivation from latency initiated by DEX
reduces LR gene products, which correlates with the induction of lytic cycle viral genes. The
ability of BoHV-1 to reactivate from latency is crucial for viral transmission and complicates
designing effective modified live vaccines.

BoHV-1 is an attractive model to examine the latency-reactivation cycle of Alphaherpesviri-
nae subfamily members because reactivation from latency can be consistently induced in
calves. Consequently, early events during reactivation from latency can be identified and
characterized. In contrast to mouse models used to examine events that control the herpes
simplex virus 1 (HSV-1) latency-reactivation cycle, the powerful genetic approaches available
in mice are lacking in cattle. In this review, the pathogenic properties of BoHV-1 and details
of the latency-reactivation cycle are discussed.

2. Pathogenesis of BoHV-1

2.1. Clinical disease caused by BoHV-1

Three BoHV-1 subtypes have been described: BoHV-1.1 (1), BHV-1.2a (2a), and BHV-1.2b (2b)
[13]. Subtype 1 strains are frequently found in cattle located in North America, Europe, and
South America. Infection with Subtype 1 isolates can result in infectious bovine
rhinotracheitis (IBR) and can be detected in the upper respiratory tract. In addition, Subtype
1 isolates are frequently detected in aborted fetuses suggesting that infection caused the
abortion. Subtype 2a can also cause IBR and abortions [14] as well as genital infections that can
lead to infectious pustular vulvovaginitis (IPV) or balanopostitis (IBP), reviewed in (2).
Subtype 2a strains of BoHV-1 are frequently detected in Brazil and Europe prior to the 1970s
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(14). Subtype 2b strains, in general, are less pathogenic than Subtype 1 and frequently detected
in Australia and Europe [15]. Subtype 2b strains can be detected in cases of respiratory disease
and IPV/IPB, but not in aborted fetuses [14, 16].

In breeding cattle, abortions and genital infections are relatively common. Genital infections
occur in bulls (IPB) and cows (IPV) within 1-3 days after mating or close contact with infected
animals. Initial clinical signs following genital infection of cows are mild vaginal infection and
frequent urination [17]. Lesions are routinely observed on the penis and prepuce in bulls.
Inflammation of the uterus and transient infertility with purulent vaginal discharge may
persist for several weeks if secondary bacterial infections occur. Transmission, in the absence
of visible lesions, can occur following artificial insemination with semen from a bull
subclinically infected. Abortions can occur at the same time as respiratory disease, but may
also occur up to 100 days after infection, which is presumably due to reactivation from latency.

2.2. BoHV-1 is a cofactor of bovine respiratory disease complex

With respect to feedlot cattle, the respiratory form of BoHV-1 is the most common disease
observed and is usually caused by Subtype 1 strains. BoHV-1 is an important cofactor of
BRDC [18, 19], a polymicrobial disease initiated by stress as well as virus infection. Increased
susceptibility to secondary bacterial infections correlates with depressed cell-mediated
immunity after BoOHV-1 infection [20-23]. Mucosal surfaces of the upper respiratory tract,
which promotes the establishment of Mannheimia haemolytica (MH) in the lower respiratory
tract, are compromised by BoHV-1 infection [24-26]. Productive infection increases neutrophil
adhesion and activation [27], which can also amplify the effects of MH. MH is a gram-negative
bacterium [28] that exists as normal flora in the upper respiratory tract of healthy ruminants
[29]. This commensal relationship is disrupted following stress or coinfections [30], and then
MH is the predominant organism that causes bronchopneumonia [24-26, 31]. BoHV-1 also
stimulates inflammasome formation [32], which may contribute to BRDC by enhancing
inflammation in the lung.

BoHV-1 interferes with immune responses by several mechanisms. For example, CD8+ T-cell
recognition of infected cells is impaired by repressing the expression of major histocompati-
bility complex class I (MHC I) and transporter associated with antigen presentation [33-35].
The gN orthologs encoded by pseudorabies virus (PRV) and BoHV-1 inhibit transporter-
associated antigen processing (TAP)-mediated transport of cytosolic peptides into the
endoplasmic reticulum, which then interferes with the assembly of peptide-containing ternary
MHC-I complexes in vitro in virus-infected cells [36, 37]. gN also targets the TAP complex for
proteosomal degradation [36]. CD4+ T-cell function is impaired during acute infection of calves
because BoHV-1 infects CD4+ T cells and induces apoptosis [1].

Stimulation of beta-interferon (IFN-{)-dependent transcription is an immediate-early
response following virus infection that does not require de novo protein synthesis [38—43].
Activation of existing transcription factors by protein kinases stimulates IFN-[3 transcription.
In contrast to humans or mice, cattle contain three IFN- genes regulated by distinct
promoters [44, 45]. BoHV-1 infection of primary bovine cells inhibits expression of all three
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bovine IFN-f genes [46]. Blocking viral protein expression by cycloheximide, a protein
synthesis inhibitor, prevents BoHV-1 from suppressing IFN-f3 responses [46]. In contrast to
primary bovine cells, BOHV-1 infection of established bovine kidney cells strongly induces
IFN-B3 RNA expression [46]. Two viral regulatory proteins, bovine-infected cell protein 0
(bICPO0) [47-49] and bICP27 [50], interfere with IFN-B-promoter activation. The bICP0 protein
induces the degradation of a transcription factor, interferon-regulatory factor 3 (IRF3), which
is necessary for IFN-f-promoter activation [47]. In addition, bICPO interacts with interferon-
regulatory factor 7 (IRF7), another transcription factor that stimulates IFN-p-promoter
activity [49]. bICP0 also induces the degradation of the promyelocytic leukemia protein (PML)
[51], a crucial component of an intrinsic antiviral complex localized to the nucleus [52-54].

3. Vaccines directed against BoHV-1

Several commercially available BoHV-1 vaccines are available and can be divided into two
categories: modified live attenuated virus (MLV) or killed whole virus [55].

Most MLVs were developed more than 30 years ago by serial passage in tissue culture. MLVs
generally induce humoral and cellular immune responses as a result of virus replication. The
MLVs establish latency and upon reactivation from latency can readily be transmitted to
pregnant cows and cause abortions [56]. One study demonstrated that vaccination with a
common MLV reduced the number of live births relative to no vaccination [57]. MLVs can also
be pathogenic in small calves because their immune system is not fully developed, and most
MLVs are immunosuppressive. Recently, there has been an increase in IBR outbreaks in
vaccinated feedlot cattle, which is likely due to vaccine outbreaks [58, 59]. A number of vaccine
and virulent field strains were sequenced and important differences identified between the
respective strains [60]. Consequently, polymerase chain reaction (PCR) primers are available
that allow one to identify MLV strains versus virulent field strains. This knowledge will make
it possible to identify vaccine strains, or emerging BoHV-1 strains not protected by existing
MLVs that lead to the break.

Killed whole virus vaccines are usually produced by chemical treatments: for example,
formaldehyde, 3-propiolactone, or binary ethyleneimine. Killed vaccines are safe but typically
require more than one injection to achieve acceptable neutralizing antibody levels and do not
always induce cellular immune responses. With respect to formaldehyde-inactivated killed
vaccines, antigens may also be denatured, which can affect the immunogenicity of vaccine
preparations. Killed vaccines also require suitable adjuvant formulations and adjuvants can
induce injection-site reactions. Better adjuvants may improve the efficacy while reducing the
number of vaccinations necessary to achieve good protection in cattle. In summary, better
vaccines that do not cause abortions or reactivate from latency need to be developed.
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4. Transition from acute infection to establishment of latency: latency-
related gene products promote latency

4.1. Productive infection

Acute infection of calves induces programmed cell death, inflammation, and high levels of
virus shedding [1, 2, 32]. Viral gene expression during productive infection occurs in three
distinct phases: immediate early (IE), early (E), or late (L). IE transcription unit 1 (IEtul)
encodes two crucial viral regulatory proteins, bICPO and bICP4, which activate viral gene
expression and DNA replication [61-63] (Figure 1A). IEtu2 encodes bICP22 [62]. A viral
tegument protein, VP16 (also known as bTIF), is a viral structural protein present in the
tegument that specifically trans-activates IE promoters. VP16 interacts with two cellular
proteins (Octl and HCF-1) and this complex binds specific sequences in IE promoters [64, 65].
E genes, in general, encode nonstructural proteins that promote viral DNA replication. L genes
encode proteins that comprise infectious virus particles.
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Figure 1. Schematic of BoHV-1 genes encompassing the LR gene. Panel A. Positions of IE transcripts and the LR
transcript (LR-RNA) are presented [62, 63, 161]. The bICP4 protein is translated from the IE/4.2 transcript. The bICP0O
protein is translated from the IE/2.9 transcript. The IEtulpromoter activates the expression of IE/4.2 and IE/2.9, and is
denoted by the black rectangle (IEtul pro). The bICP0 protein can also be translated from an early transcript designat-
ed as E/2.6 because exon 2 (e2) contains all of the protein-coding sequences. An early promoter (E pro) drives the ex-
pression of the E/2.6 transcript. The origin of replication (ORI) separates IEtul from IEtu2. The IEtu2 promoter (IEtu2
pro) drives the expression of the bICP22 protein. Solid lines in the transcript position map represent exons (el, e2, or
e3) and dashed lines denote introns. The viral origin of replication (ori) is located near IETu2 promoter. Panel B.
Partial restriction map of the LR gene. The LR gene contains two open reading frames (ORF-1 and ORF-2) [4]. Reading
frame B (RF-B) and RF-C do not contain a methionine at the beginning of the open reading frame. The asterisks denote
the position of stop codons that are in frame with the respective open reading frame. Panel C. Wild-type sequences
near the N-terminus of ORFS compared to that in the LR mutant virus [12, 73].
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4.2. Sensory neurons are the primary site for establishing latency

Cell-to-cell viral transmission leads to viral entry into sensory neurons. Following a burst of
viral gene expression, lytic cycle viral gene expression is subsequently extinguished. If
infection is initiated within the oral, nasal, or ocular cavity, the primary site for latency is
sensory neurons in trigeminal ganglia. Lytic cycle viral gene expression [66] and infectious
virus [12] are detected in TG from 2 to 6 days after infection. In contrast to infection of mucosal
epithelial cells, significant numbers of infected neurons survive and these surviving neurons
harbor intact viral genomes. This phase is operationally defined as the establishment of latency.
Periodically, reactivation from latency occurs, virus is shed from peripheral sites, and
consequently BoHV-1is widespread in cattle [1,7, 8, 67]. Other types of neurons may be latently
infected; however, this has not been explored. Lymphocytes that reside in the tonsil and
circulating blood have been reported to contain viral genomes when collected from latently
infected calves [68].

4.3. The BoHV-1latency-related gene locus is abundantly expressed in infected TG neurons
and encodes several products

The LR gene is the only locus in the viral genome abundantly expressed in latently infected
neurons [4, 6-8, 67, 69]. LR-RNA has unique start sites in TG and is antisense and overlaps the
bICPO gene, suggesting that it inhibits bICP0 expression [9, 70] (Figure 1B). The LR gene has
two well-defined open reading frames (ORF1 and ORF2), and two reading frames that lack an
initiating methionine (RF-B and RF-C). Two micro-RNAs encoded by the LR gene are
abundantly expressed in latently infected neurons and they reduce bICP0O protein expres-
sion, but not ICPO RNA levels in transient transfection studies [11]. The micro-RNAs have
different predicted binding sites on bICPO mRNA suggesting that they cooperate to reduce
bICPO protein levels. A small ORF located downstream from bICP0 (ORF-E) is expressed in
latently infected TG neurons [71] and induces neurite formation in mouse neuroblastoma
cells [72], suggesting that ORF-E regulates certain aspects of the latency-reactivation cycle.

An LR-mutant virus that contains three stop codons at the N-terminus of ORF2 was construct-
ed and analyzed (see Figure 1C for location of stop codons). Following infection of calves, the
LR-mutant virus exhibits diminished clinical symptoms during acute infection, and reduced
virus shedding from the eye, TG, or tonsils [12, 73, 74]. Although the LR-mutant virus grows
like wild-type BoHV-1 and the LR-rescued virus in cultured bovine cells, it expresses LR-RNA
earlier than wild-type (wt) virus and stimulates a stronger interferon response in cultured cells
and tonsils of acutely infected calves [75]. ORF1 and ORF2 expression are not detected in TG
neurons during latency following infection with the LR-mutant virus [10, 76]. Wt BoHV-1, but
not the LR-mutant virus, efficiently establishes latency and consistently reactivates from
latency following a single injection of the synthetic corticosteroid DEX [12]. Although the LR-
mutant virus grow less efficiently compared to wild-type BoHV-1 in TG [73], the LR mutant
induces higher levels of apoptosis in TG during establishment of latency [77]. ORF2, in the
absence of other viral genes, can inhibit apoptosis in Neuro-2A cells [78] suggesting that ORF2
has important roles during the latency-reactivation cycle.
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ORF2 is a 181-amino acid protein that has little or no amino acid similarity to known pro-
teins. The protein localizes to the periphery of the nucleus in transfected Neuro-2A cells and
contains a functional nuclear localization signal. When the nuclear localization signal is
deleted, ORF2 localizes to the plasma membrane of transfected Neuro-2A cells. Neuro-2A cells
were used for these studies because ORF2 protein expression is consistently detected;
conversely, other common cell lines that can be readily transfected do not support ORF2
expression. ORF2 preferentially interacts with single-stranded DNA; however, alanine
substitution of threonine or serine residues in consensus protein kinase A (PKA) or protein
kinase C (PKC) phosphorylation sites generates a protein that preferentially interacts with
double-stranded DNA [81]. ORF2 does not appear to specifically bind to DNA sequences or
interact with RNA. ORF2 stability is regulated by C-terminal sequences and PKA/PKC
phosphorylation sites [79, 82].

ORF2 or an ORF2 isoform interacts with three cellular transcription factors (Notchl, Notch3,
and c/EBP-alpha) [83, 84]. Since c¢/EBP-alpha stimulates IEtul promoter activity [85] and
Notch 1 can slightly stimulate productive infection and certain viral promoters [83], ORF2 may
promote the establishment of latency by interfering with lytic cycle viral gene expression. ORF2
amino acid sequences that interfere with Notch functions do not overlap ORF2 sequences
necessary for inhibiting apoptosis [80], suggesting that these functions are separable. The
ability of ORF2 to interfere with Notch functions stimulates the differentiation of Neuro-2A
cells into differentiated neuronal-like cells, as judged by neurite sprouting [79, 82, 86]. It is well
established that Notch family members inhibit differentiation of neural progenitor cells [87-
91], suggesting that ORF2 helps infected neurons recover from infection and promotes normal
neuronal functions. In summary, ORF2, ORF-E, and two micro-RNAs encoded by the LR gene
possess properties that are predicted to enhance the establishment of latency.

5. Maintenance of latency

5.1. LR gene products are likely to promote maintenance of latency

Maintenance of latency lasts for the life of the host. Hallmarks of maintaining latency in-
clude the following: (1) infectious virus is not detected by standard virus isolation proce-
dures, (2) abundant expression of lytic cycle viral genes does not occur, and (3) LR gene
products are abundantly expressed in latently infected sensory neurons. The most obvious
difference between maintenance versus establishment of latency is the initial burst of lytic cycle
viral gene expression that occurs following infection of sensory neurons, and is extinguished
during the establishment of latency.

Herpes simplex virus 1 latency-associated transcript (LAT), such as the LR gene, is abundant-
ly expressed during latency and was reported to promote the maintenance of latency, reviewed
in [7, 67, 92]. A recent study concluded that LAT maintains a pool of latently infected neu-
rons that have the potential to reactivate from latency [93]. A cellular micro-RNA that interferes
with the expression of the HSV-1 regulatory protein (ICP0) [94] and a cellular transcription
factor (ATF3) [95] that enhances LAT expression are proposed to support the maintenance of
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latency. LR gene products, in particular the ability of both micro-RNAs to inhibit bICPO
expression, are candidates to suppress lytic cycle viral gene expression during maintenance
of latency. The ability of ORF2 and ORF-E to stimulate neurite formation may help latently
infected neurons retain their differentiated phenotype and normal functions.

5.2. Potential roles of cellular genes during maintenance of latency

Our recent studies demonstrated that a cellular transcription factor, B-catenin, is readily
detected in latently infected TG neurons, but not in TG neurons from uninfected calves. Nearly
all B-catenin+ neurons are also ORF2+; however, 3-catenint+ neurons do not express the lytic
cycle viral regulatory protein (bICP0) suggesting that ORF2 regulates [3-catenin expression.
During the course of reactivation from latency, the number of 3-catenin+ neurons decreases
significantly, which correlates with the induction of two Wnt antagonists, dickkopf-1 (DKK-1)
and secreted frizzled-related protein 2 (SFRP2).

Wnt is a family of secreted glycoproteins that interacts with frizzled and the coreceptor LRP5/
LRP6, reviewed in [96]. In the absence of the Wnt ligand or when a Wnt antagonist is ex-
pressed at high levels, a 3-catenin destruction complex forms in the cytoplasm (Figure 2A).
This complex (axin, adenomatous polyposis gene (APC), GSK3[3, and CKla) hyper-phosphor-
ylates -catenin: consequently, 3-catenin is polyubiquitinated and degraded by the protea-
some.

A Inactive Wnt Active Wnt
Signaling pathway B Signaling Pathway

oy (6K

L
A APC]

PPPP
2 I"
Degradation D-catenin/TCF target D-catenin O-catenin/TCF target

gene repressed ) \ gene expressed /

Figure 2. Schematic of canonical Wnt signaling pathway. Panel A: Key regulators of inactive Wnt pathway. In the
absence of Wnt ligand, a [-catenin destruction complex, Axin, APC (adenomatous polyposis gene), GSK3f3, and CKla
hyper-phosphorylate (3-catenin, which leads to ubiqutination and degradation. Soluble frizzled-like proteins (DKK-1
and FRP2) prevent Wnt binding to its true receptors. In the absence of active Wnt signaling, TCF bound to DNA inter-
acts with transcriptional repressors and transcription is repressed. Panel B: Key regulators of active Wnt pathway.
Binding of Wnt to LRP and frizzled family members disrupts the (3-catenin destruction complex and hypo-phosphory-
lated B-catenin accumulates in the nucleus. Nuclear (3-catenin binds TCF family members, displaces repressors of TCF-
dependent transcription, and recruits additional transcriptional regulators (denoted by X) resulting in transcriptional
activation.




Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons
http://dx.doi.org/10.5772/63750

Wnt binding to its receptor disrupts the -catenin destruction complex (Figure 2B). Conse-
quently, the transcription factor 3-catenin is stabilized, enters the nucleus, and interacts with
TCF (T-cell factor) family members bound to the consensus site AGATCAAGG. (-catenin
binding to TCF displaces bound corepressors (e.g., Groucho) and recruits coactivators
(denoted as X) to activate Wnt target genes.

[-catenin activation regulates navigation of axons to their synaptic targets and stimulates
axonal growth, reviewed in [97-101]. Several lines of evidence have concluded that disrupt-
ing the Wnt signaling pathway stimulates neurodegeneration, reviewed in [97, 98, 102]. Wnt
signaling via B-catenin activation also inhibits apoptosis in several cell types [103-105],
including neurons [106]. Chronic stress or increased corticosteroids induce a secreted Wnt
antagonist, dickkopf-1 (DKK-1), which stimulates neuronal damage in the hippocampus [107],
and ischemic neuronal death [108]. DKK-1 also mediates glucocorticoid-induced changes in
human neuronal progenitor cell growth and differentiation [109]. Secreted frizzled-related
protein 2 SFRP2 may also stimulate neuronal survival because it induces cell death in the
developing hindbrain [110]. The ability of LR gene products, ORF2, for example, to stabilize
[-catenin protein levels may promote maintenance of latency [103].

6. Reactivation from latency

6.1. Activation of viral gene expression during reactivation from latency

BoHV-1 reactivation from latency is consistently initiated by the synthetic corticosteroid
DEX [6-8, 12, 67, 111], suggesting that DEX flips a molecular switch that disrupts the mainte-
nance of latency (see Figure 3 for schematic of putative steps leading to reactivation from
latency). Within 6 h after DEX treatment, LR gene products are nearly undetectable in TG [6,
11, 82], lytic cycle viral RNA expression is detected in TG neurons of latently infected calves
[68, 112], and apoptosis of T cells persisting in TG can be detected [112]. CD8+ T cells also
persistin TG of humans or mice latently infected with HSV-1[113-119] and have been reported
to promote maintenance of latency [120, 121-124]. CD8a dendritic cells have also been reported
to regulate the HSV-1 latency-reactivation cycle using mouse models of infection [125]. CD8+
T cells and/or CD8«a dendritic cells may be important regulators of the BoHV-1 latency-
reactivation cycle.

Two viral regulatory proteins, bICPO and VP16, are expressed in the same neuron within 90
min after DEX treatment of latently infected calves; conversely, two other late proteins (gC
and gD) are not readily detected until 6 h after DEX treatment [105, 126]. Fewer neurons express
gC or gD relative to bICPO or VP16. The fact that VP16 is a late gene implies that a novel
mechanism induces VP16 expression very soon after DEX administration. However, the VP16
promoter is not activated by DEX or any of the DEX-induced transcription in transient
transfection assays [127, 128]. With respect to HSV-1, VP16 has been proposed to be an
important factor during initial stages of reactivation [129, 130]. Nearly all bICP0+ and VP16+
neurons express the glucocorticoid receptor (GR) suggesting that GR+ latently infected
neurons are more likely to reactivate. The IEtul promoter that drives bICP0 and bICP4 (two
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crucial viral transcriptional regulators; Figure 1A) expression is stimulated by DEX and
contains a consensus GR-binding site bound by the activated GR [128]. Inspection of the
BoHV-1 genome revealed that more than 100 GR-binding sites are present, suggesting that
additional viral promoters are stimulated by corticosteroids during reactivation from latency.

Maintenance of Latency

Stress/DEX TI -
¥

GR activated |
¢ ¥ v

IEtu1 promoter
3 | (bicPo & bicP4) | € [ VP16 promoter ]

j
: ???

induced cellular

[ KLF4 & other DEX ]
transcription factors

¥

Most neurons (non-permissive??): Rare neurons (permissive):

Low levels of lytic cycle gene expression Extensive lytic cycle gene expression

NO VIRUS SHEDDING VIRUS TRANSMISSION

Figure 3. Putative steps leading to reactivation from latency. Stress, as mimicked by the synthetic corticosteroid dexa-
methasone (DEX), is a molecular switch that is predicted to stimulate viral gene expression via activation of the GR-
and DEX-induced transcription factors. The IEtul is a crucial promoter that appears to be stimulated during the early
stages of reactivation from latency. The mechanism by which VP16 expression is stimulated is not known. Many la-
tently infected neurons lack cellular factors and are unable to support virus production and consequently reestablish
latency. A small subset of latently infected neurons possesses the necessary factors to support extensive lytic cycle viral
gene and production of infectious virus. The fate of these neurons is unclear.

6.2. Regulation of cellular gene expression in TG neurons during early phases of DEX-
induced reactivation from latency

Within 3 h after DEX treatment, Pentraxin 3, a regulator of innate immunity and neurodegen-
eration [131], and two cellular transcription factors, promyelocytic leukemia zinc finger (PLZF)
and Slug, are induced at least 15-fold in TG [127]. Additional DEX-induced cellular transcrip-
tion factors were also identified in TG: Sam-pointed domain Ets transcription factor (SPDEF)
and three Kruppel-like transcription factors (KLF), KLF4, KLF6, and KLF15. Immunohisto-
chemistry studies confirmed that these cellular transcription factors are expressed in TG
neurons during early stages of DEX-induced reactivation from latency. In general, overex-
pression of a DEX-induced cellular transcription factor stimulated productive infection and
certain viral promoters, including IEtuland the bICP0 early promoter.

The finding that four KLF family members (KLF4, KLF6, KLF15, and PLZF) are stimulated
during DEX-induced reactivation from latency is significant because KLF family members
resemble the SP1 transcription factor family and both families of transcription factors interact
with GC-rich motifs, reviewed in [132, 133]. In general, genomes of Alphaherpesvirinae
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subfamily members, including BoHV-1 and HSV-1, are GC rich and many viral promoters
contain Spl consensus-binding sites and additional GC-rich motifs [132]. KLF15 stimulates
HSV-1 ICP0 promoter activity more than 400-fold, but not the HSV-1 VP16 and ICP4 promot-
ers [134]. KLF4, SPDEF, and Slug also stimulate ICPO promoter activity at least 100-fold. These
transcription factors are induced in mouse TG neurons following explant and addition of DEX
generally enhanced their expression. These studies provide evidence that KLF transcription
factors stimulate BoHV-1 and HSV-1 transcription, which may consequently enhance
productive infection and reactivation from latency.

Lytic cycle viral gene expression is not readily detected during the maintenance of latency
because HSV-1 and presumably BoHV-1 genome exist as “silent” chromatin during latency,
reviewed by [135-137]. In contrast to many transcription factors, the activated GR can
specifically bind silent chromatin [138-140], generate a nuclease-hypersensitive site, and then
promote initiation of transcription [141-142]. Activated GR only binds a subset of GREs in
silent chromatin [143-144] and thus fits the criteria for being a “pioneer transcription factor,”
reviewed in [145, 146]. Purified KLF4, a DEX-induced transcription factor in TG neurons [127,
134], is also a pioneer transcription factor [145, 146] that can bind nucleosomes in vitro and
preferentially targets silent sites enriched for nucleosomes in vivo [147]. We suggest that these
two pioneer transcription factors (GR and KLF4) have the potential to convert a silent BoHV-1
genome into a transcriptionally active genome that subsequently expresses abundant levels of
lytic cycle viral genes and produces infectious viral particles.

There appears to be a bottleneck with respect to completion of successful reactivation
(production of an infectious virus particle). Many latently infected neurons apparently do not
support extensive lytic cycle viral transcription and/or cellular factors necessary to produce
an infectious viral particle that are missing or not expressed in sufficient quantities. These
neurons are operationally defined as nonpermissive. Evidence for the existence of nonper-
missive neurons comes from three studies: (1) few neurons express late proteins (gC and gD)
relative to neurons that express VP16 and bICP0 [126], (2) only a small subset of latently
infected sensory neurons produce infectious viral particles [6], and (3) the LR mutant does not
reactivate from latency following DEX treatment even though the viral genome and LR-RNA
are detected in TG during latency [12]. Many nonpermissive neurons are predicted to survive
a stressful stimulus and reestablish latency. It is unclear whether a permissive neuron that
reactivates from latency and sheds infectious virus can survive and reestablish latency. In a
mouse model of HSV-1, neurons that support reactivation in vivo do not appear to survive
[148].

7. Conclusions and unresolved questions

The latency-reactivation cycle of Alphaherpesvirinae subfamily members, including BoHV-1,
is regulated by a complex series of virus-host interactions. Furthermore, BoHV-1 and cattle
have evolved with each other making it difficult to model the latency-reactivation cycle in
small animal models or cultured neurons. The HSV-1 LAT and BoHV-1 LR gene encode at
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least three common functions crucial for the latency-reactivation cycle: (1) inhibit apoptosis
[78, 149-152], (2) interfere with productive infection [11, 152, 153], and (3) promote sprout-
ing of neurites in mouse neuroblastoma cells [79, 82, 154], which is predicted to promote
neuronal repair and restore normal neuronal functions following infection. Although the LR
gene restores wt levels of reactivation to an HSV-1 LAT null mutant [155] and ORF2 plays a
role in this process [156], LAT does not appear to encode a protein. Thus, LAT-encoded micro-
RNAs and other small noncoding RNAs are proposed to regulate the latency-related cycle.

A brief discussion of several unresolved questions is presented as follows:

* Is it necessary for viral DNA replication to occur in a latently infected sensory neuron that
produces an infectious virus particle? Although it is clear that viral DNA replication must
occur at peripheral sites for virus transmission or recurrent disease to occur during a
reactivation episode, published reports that have directly tested whether viral DNA
replication occurs in neurons during reactivation from latency are lacking. From a mini-
malist’s standpoint, it would seem to be advantageous for the viral genome to merely
express sufficient levels of viral proteins necessary to package the viral genome such that
cell-to-cell transmission will occur. Considering that sensory neurons do not enter the cell
cycle and replicate their chromosomes, there must be ingrained epigenetic signals that
prevent the expression of cellular proteins necessary for DNA replication.

* What is the threshold of stress that leads to successful reactivation from latency? Mammals
face stressful stimuli everyday but reactivation from latency (at least episodes that lead to
virus shedding) does not occur every day. For successful reactivation episodes (one that
leads to virus shedding from peripheral sites), there must be a relatively intense stimulus
or a prolonged stimulus.

* Do neurons that produce infectious virus particles survive and reestablish a latent infec-
tion? As mentioned above, latently infected neurons yielding infectious virus particles
probably do not survive in a mouse model of HSV-1 infection [148]. However, this study
needs to be confirmed.

* Do other Alphaherpesvirinae subfamily members utilize similar pathways for regulating
the latency-reactivation cycle as BoHV-1? HSV-1 does not reactivate as consistently as
BoHV-1 following DEX treatment, suggesting that the GR is not as important. However, it
should be noted that increased “stress” correlates with a higher incidence of reactivation
from latency in humans [157-159]. DEX also stimulates reactivation from latency in TG
neuronal cultures prepared from latently infected mice [114] and TG organ cultures latently
infected with HSV-1 [160]. Although the exact mechanism is not likely the same, common
pathways may flip a switch that initiates reactivation from latency.

Acknowledgements

This research was supported by a grant from the USDA-NIFA Competitive Grants Program
(13-01041), funds derived from the Sitlington endowment, and support from the Oklahoma



Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons
http://dx.doi.org/10.5772/63750

Center for Respiratory and Infectious Diseases (National Institutes of Health Centers for
Biomedical Research Excellence Grant # P20GM103648).

Author details

Clinton Jones

Address all correspondence to: clint.jonesl0@okstate.edu

Department of Veterinary Pathobiology, Center for Veterinary Health Sciences, Oklahoma
State University, Stillwater, Oklahoma, USA

References

[1]

2]

[4]

[5]

[6]

[7]

8]

Jones C. Regulation of innate immune responses by bovine herpesvirus 1 and infect-
ed cell protein 0. Viruses. 2009;1:255-75.

Jones C and S. Chowdhury. A review of the biology of bovine herpesvirus type 1
(BHV-1), its role as a cofactor in the bovine respiratory disease complex, and develop-
ment of improved vaccines. Adv Anim Health. 2007;8:187-205.

Jones, C., L.F. daSilva, and D. Sinani (2011). Regulation of the latency-reactivation cycle
by products encoded by the bovine herpesvirus 1 (BHV-1) latency-related gene. |
Neurovirol 17: 535-545.

Kutish G, T. Mainprize, and D. Rock. Characterization of the latency-related transcrip-
tionally active region of the bovine herpesvirus 1 genome. J Virol. 1990;64(12):5730-7.

Rock DL, A.B. Nesburn, H. Ghiasi, J]. Ong, T.L. Lewis, ].R. Lokensgard, et al. Detec-
tion of latency-related viral RN As in trigeminal ganglia of rabbits latently infected with
herpes simplex virus type 1. ] Virol. 1987;61(12):3820-6.

Rock D, J. Lokensgard, T. Lewis, and G. Kutish. Characterization of dexamethasone-
induced reactivation of latent bovine herpesvirus 1. ] Virol. 1992;66(4):2484-90.

Jones C. Herpes simplex virus type 1 and bovine herpesvirus 1 latency. Clin Microbiol
Rev. 2003;16(1):79-95.

Jones C, V. Geiser, G. Henderson, Y. Jiang, F. Meyer, S. Perez, et al. Functional analysis
of bovine herpesvirus 1 (BHV-1) genes expressed during latency. Vet Microbiol.
2006;113(3—4):199-210.

Hossain A, L.M. Schang, and C. Jones. Identification of gene products encoded by the
latency-related gene of bovine herpesvirus 1. ] Virol. 1995;69(9):5345-52.

249



250 Herpesviridae

[10]

[11]

[13]

[14]

[15]

[17]

[18]

[19]

[20]

[21]

Jiang Y, M. Inman, Y. Zhang, N.A. Posadas, and C. Jones. A mutation in the latency
related gene of bovine herpesvirus 1 (BHV-1) inhibits protein expression of a protein
from open reading frame 2 (ORF-2) and an adjacent reading frame during productive
infection. ] Virol. 2004;78:3184-9.

Jaber T, A. Workman, and C. Jones. Small noncoding RN As encoded within the bovine
herpesvirus 1 latency-related gene can reduce steady-state levels of infected cell
protein 0 (bICPO). J Virol. 2010;84(13):6297-307.

Inman M, L. Lovato, A. Doster, and C. Jones. A mutation in the latency-related gene of
bovine herpesvirus 1 disrupts the latency reactivation cycle in calves. ] Virol.
2002;76(13):6771-9.

Metzler AE, H. Matile, U. Gasman, M. Engels, and R. Wyler. European isolates of bovine
herpesvirus 1: a comparison of restriction endonuclease sites, polypeptides and
reactivity with monoclonal antibodies. Arch Virol. 1985;85:57-69.

Oirschot JT van. Bovine herpesvirus in semen of bulls and the risk of transmission: a
brief overview. Vet Q. 1995;17:29-33.

Edwards S, H. White, and P. Nixon. A study of the predominant genotypes of bovine
herpesvirus 1 isolated in the U.K. Vet Microbiol. 1990;22:213-23.

D’Arce RCF, R.S. Almedia, T.C. Silva, A.C. Spilki, P.M. Roehe, and C.W. Ams.
Restriction endonucleases and monoclonal antibody analysis of Brazilian isolates of
bovine herpesvirus 1 and 5. Vet Microbiol. 2002;88:315-34.

Yates WDG. A review of infectious bovine rhinotracheitis, shipping fever pneumonia,
and viral-bacterial synergism in respiratory diesease of cattle. Can ] Comp Med.
1982;46:225-63.

Hodgson PD, P. Aich, A. Manuja, K. Hokamp, F.M. Roche, F.S.L. Brinkman, et al. Effect
of stress on viral-bacterial synergy in bovine respiratoryt disease: novel mechanisms
to regulate inflammation. Comp Funct Genom. 2005;6:244-50.

Jones C and S. Chowdhury. Bovine herpesvirus type 1 (BHV-1) is an important cofactor
in the bovine respiratory disease complex. In: Broderson VLCaB, editor. Veterinary
Clinics of North America, Food Animal Practice, Bovine Respiratory Disease, vol. 26.
New York, NY: Elsevier; 2010. pp. 303-21.

Carter J], A.D. Weinberg, A. Pollard, R. Reeves, J.A. Magnuson, N.S. Magnuson.
Inhibition of T-lymphocyte mitogenic responses and effects on cell functions by bovine
herpesvirus 1. ] Virol. 1989;63(4):1525-30.

Griebel P, H.B. Ohmann, M.]. Lawman, and L.A. Babiuk. The interaction between
bovine herpesvirus type 1 and activated bovine T lymphocytes. ] Gen Virol.
1990;71(Pt 2):369-77.



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons
http://dx.doi.org/10.5772/63750

Griebel P, L. Qualtiere, W.C. Davis, A. Gee, H. Bielefeldt Ohmann, M.]. Lawman, et al.
T lymphocyte population dynamics and function following a primary bovine herpes-
virus type-1 infection. Viral Immunol. 1987;1(4):287-304.

Griebel PJ, L. Qualtiere, W.C. Davis, M.J]. Lawman, and L.A. Babiuk. Bovine peripher-
al blood leukocyte subpopulation dynamics following a primary bovine herpesvirus-1
infection. Viral Immunol. 1987;1(4):267-86.

Highlander SK, N.D. Fedorova, D.M. Dusek, R. Panciera, L.E. Alvarez, and C. Renehart.
Inactivation of Pasteurella (Mannheimia) haemolytica leukotoxin causes partial attenua-
tion of virulence in a calf challenge model. Infect Immun. 2000;68:3916-22.

Highlander SK. Molecular genetic analysis of virulence in Mannheimia (Pasteurella)
haemolytica. Front Biosci. 2001(1):D1128-50.

Zecchinon L. T. Fett, and D. Desmecht. How Mannheimia haemolytica defeats host
defense through a kiss of death mechanism. Vet Res. 2005;36:133-56.

Rivera-RivasJJ, D. Kisiela, and C.]J. Czuprynski. Bovine herpesvirus type 1 infection of
bovine bronchial epithelial cells increases neutrophil adhesion and activation. Vet
Immunol Immunopathol. 2009;131:167-76.

Songer JG and K.W. Post. The genera Mannheimia and Pasteurella. In: Bacterial and
Fungal Agents of Animal Disease. L. Duncan St Louis, MO: Elsevier Saunders; 2005.

Frank GH. Bacteria as etiologic agents in bovine respiratory disease. In: Bovine
Respiratory Disease. College Station, R.W. Loan. TX: Texas A&M University Press;
1984.

Rice JA, LC-M, D.C. Hodgins, and P.E. Shewen. Mannheimia haemolytica and bovine
respiratory disease. Animal Health Research Reviews. 2008;8:117-28.

Hodgins DC and P.E. Shewen. Pneumonic pasteurellosis of cattle. In: Infectious Disease
of Livestock, 2nd ed. Cape Town, South Africa: Oxford University Press; 2004.

Wang]J, J. Alexander, M. Wiebe, and C. Jones. Bovine herpesvirus 1 productive infection
stimulates inflammasome formation and caspase 1 activity. Virus Res. 2014;185:72-6.

Nataraj C, S. Eidmann, M.]. Hariharan, ].H. Sur, G.A. Perry, and S. Srikumaran. Bovine
herpesvirus 1 downregulates the expression of bovine MHC class I molecules. Viral
Immunol. 1997;10(1):21-34.

Hariharan MJ, C. Nataraj, and S. Srikumaran. Down regulation of murine MHC class
I expression by bovine herpesvirus 1. Viral Immunol. 1993;6(4):273-84.

Hinkley S, A.B. Hill, and S. Srikumaran. Bovine herpesvirus-1 infection affects the
peptide transport activity in bovine cells. Virus Res. 1998;53(1):91-6.

251



252

Herpesviridae

[36]

[37]

[39]

[40]

[41]

[43]

[45]

[46]

[47]

Koppers-Lalic D, E.A]J. Reits, M.E. Ressing, A.D. Lipinska, R. Abele, ]J. Koch, et al.
Varicelloviruses avoid T cell recognition by UL49.5-mediated inactivation of the
transporter associated with antigen processing. Proc Natl Acad Sci. 2005;102:5144-9.

Lipinska AD, D. Koppers-Lalic, M. Rychlowski, P. Admiraal, F.A.M. Rijsewijk, K.,
Bienkowska-Szewczyk, et al.. Bovine herpesvirus 1 UL49.5 protein inhibits the
transporter associated with antigen processing despite complex formation with
glycoprotein M. ] Virol. 2006;81:5822-32.

King P and S. Goodbourn. The beta-interferon promoter responds to priming through
multiple independent regulatory elements. ] Biol Chem. 1994;269:30609-15.

Goodbourn S, K. Zinn, and T. Maniatis. Human beta-interferon gene expression is
regulated by an inducible enhancer element. Cell. 1985;41:509-20.

Munshi N, M. Merika, ]. Yie, K. Senger, G. Chen, and D. Thanos. Acetylation of HMG
I(Y) by CBP turns off IFN beta expression by disrupting the enhanceosome. Mol Cell.
1998;2(4):457-67.

Yoneyama M, W. Suhara, M. Fukuhara, M. Fukuda, E. Nishida, and T. Fujita. Direct
triggering of the type 1 interferon system by virus infection: activation of a transcrip-
tion factors containing IRF-3 and CBP/p300. EMBO J. 1998;17:1087-95.

Sharma S, B.R. tenOever, N. Grandvaux, G.-P. Zhou, R. Lin, and ]. Hiscott. Trigerring
the interferon antiviral response through and IKK-related pathway. Science.
2003;300:1148-51.

AuWC, P.A.Moore, W. Lowther, Y.T. Juang, and P.M. Pitha. Identification of a member
of the interferon regulatory factor family that binds to the interferon-stimulated

response element and activates expression of interferon-induced genes. Proc Natl Acad
Sci U S A. 1995;92:11657-61.

Wilson V, AlJ. Jeffreys, and P.A. Barrie. A comparison of vertebrate interferon gene
families deteced by hybridization with human interferon DNA. ] Mol Biol.
1983;166:457-75.

ValarcherJ-F, J. Furze, S. Wyld, R. Cook, K.-K. Conzelman, and G. Taylor. Role of alpha/
beta interferons in the attenuation and immunogenecity of recombinant bovine
respiratory syncitial viruses lacking NS proteins. ] Virol. 2003;77:8426-39.

da Silva LF and C. Jones. Infection of cultured bovine cells with bovine herpesvirus 1
(BHV-1) or Sendai virus induces different beta interferon subtypes. Virus Res.
2011;157(1):54-60.

Saira K, Y. Zhou, and C. Jones. The infected cell protein 0 encoded by bovine herpes-
virus 1 (bICP0) induces degradation of interferon response factor 3 (IRF3), and
consequently inhibits beta interferon promoter activity. J Virol. 2007;81:3077-86.



[48]

[49]

[50]

[51]

[55]

[56]

[57]

[59]

Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons
http://dx.doi.org/10.5772/63750

Saira K. Functional analysis of the bovine herpesvirus-1 gene encoding bICPO, a
promiscuous trans-activator, that stimulates productive infection and interferon
signaling pathways (PhD thesis). Lincoln: University of Nebraska; 2008.

Saira K and C. Jones. The infected cell protein 0 encoded by bovine herpesvirus 1
(bICPO0) associates with interferon regulatory factor 7 (IRF7), and consequently inhibits
beta interferon promoter activity. J Virol. 2009;83:3977-81.

da Silva LF and C. Jones. The ICP27 protein encoded by bovine herpesvirus type 1
(bICP27) interferes with promoter activity of the bovine genes encoding beta interfer-
on 1 (IFN-B1) and IFN-{33. Virus Res. 2012(169):162-8.

Gaudreault N and C. Jones. Regulation of promyelocyticleukemia (PML) protein levels
and cell morphology by bovine herpesvirus 1 infected cell protein 0 (bICP0) and mutant
bICP0 proteins that do not localize to the nucleus. Virus Res. 2011;156:17-24.

Everett RD, W.C. Earnshaw, J. Findlay, and P. Lomonte. Specific destruction of
kinetochore protein CENP-C and disruption of cell division by herpes simplex virus
immediate-early protein Vmw110. EMBO J. 1999;18(6):1526-38.

Everett RD, P. Lomonte, T. Sternsdorf, R. van Driel R, and A. Orr. Cell cycle regula-
tion of PML modification and ND10 composition. ] Cell Sci. 1999;112(Pt 24):4581-8.

Parkinson ] and R.D. Everett. Alphaherpesvirus proteins related to herpes simplex
virus type 1 ICPO affect cellular structures and proteins. ] Virol. 2000;74(21):10006-17.

Van Drunen Littel-van den Hurk S. Rationale and perspectives on the success of
vaccination against bovine herpesvirus-1. Vet Microbiol. 2005;113:275-82.

O’'Toole D and H. Van Campen. Abortifacient vaccines and bovine herpesvirus-1. ] Am
Vet Med Assoc. 2010;237:259-60.

O'Toole D, M.M. Miller, J.L. Cavender, and T.E. Cornish. Pathology in Practice. Vet
Med Today. 2012;241:189-91.

Ellis J, C. Waldner, C. Rhodes, and V. Ricketts. Longevity of protective immunity to
experimental bovine herpesvirus-1 infection following inoculation with a combina-
tion modified-live virus vaccine in beef calves. ] Am Vet Med Assoc. 2005;227:123-8.

Van Drunen Littel-van den Hurk S, D. Myers, P.A. Doig, B. Karvonen, M. Habermehl,
L.A. Babiuk, et al. Identification of a mutant bovine herpesvirus-1 (BHV-1) in post-
arrival outbreaks of IBR in feedlot calves and protection with conventional vaccina-
tion. Can ] Vet Res. 2001,65:81-8.

Fulton RW, J.M. d’Offay, and R. Eberle. Bovien herpesvirus-1: comparison and
differentiation of vaccine and field strains based on genomic sequence variation.
Vaccine. 2013;31:1471-9.

253



254  Herpesviridae

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[70]

[71]

[72]

Fraefel C, J. Zeng, Y. Choffat, M. Engels, M. Schwyzer, and M. Ackermann. Identifica-
tion and zinc dependence of the bovine herpesvirus 1 transactivator protein BICPO0. |
Virol. 1994;68(5):3154—-62.

Wirth UV, B. Vogt, and M. Schwyzer. The three major immediate-early transcripts of
bovine herpesvirus 1 arise from two divergent and spliced transcription units. J Virol.
1991;65(1):195-205.

Wirth UV, C. Fraefel, B. Vogt, C. Vlcek, V. Paces, and M. Schwyzer. Immediate-early
RNA 2.9 and early RNA 2.6 of bovine herpesvirus 1 are 3’ coterminal and encode a
putative zinc finger transactivator protein. J Virol. 1992;66(5):2763-72.

Misra V, A.C. Bratanich, D. Carpenter, and P. O’'Hare. Protein and DNA elements
involved in transactivation of the promoter of the bovine herpesvirus (BHV) 1 IE-1
transcription unit by the BHV alpha gene trans-inducing factor. ] Virol. 1994;68(8):4898—
909.

Misra V, S. Walker, S. Hayes, and P. O’Hare. The bovine herpesvirus alpha gene trans-
inducing factor activates transcription by mechanisms different from those of its herpes
simplex virus type 1 counterpart VP16. ] Virol. 1995;69(9):5209-16.

Schang L and C. Jones. Analysis of bovine herpesvirus 1 transcripts during a primary
infection of trigeminal ganglia of cattle. ] Virol. 1997;71(9):6786-95.

Jones C. Alphaherpesvirus latency: its role in disease and survival of the virus in nature.
Adv Virus Res. 1998;51:81-133.

Winkler MTC, A. Doster, and C. Jones. Persistence and reactivation of bovine herpes-
virus 1 in the tonsil of latently infected calves. J Virol. 2000;74:5337—46.

Rock DL, S.L. Beam, and J.E. Mayfield. Mapping bovine herpesvirus type 1 latency-
related RNA in trigeminal ganglia of latently infected rabbits. ] Virol. 1987;61(12):3827-
31

Bratanich AC, N.D. Hanson, and C. Jones. The latency-related gene of bovine herpes-
virus 1 inhibits the activity of immediate-early transcription unit 1. Virology.
1992;191(2):988-91.

Inman M, J. Zhou, H. Webb, and C. Jones. Identification of a novel transcript contain-
ing a small open reading frame that is expressed during latency, and is antisense to the
latency related gene of bovine herpes virus 1 (BHV-1). J Virol. 2004;78:5438—47.

Perez S, F. Meyer, G. Henderson, Y. Jiang, S. Sherman, A. Doster, et al. A protein
encoded by the bovine herpesvirus 1 ORF E gene induces neurite-like morphological
changes in mouse neuroblastoma cells and is expressed in trigeminal ganglionic
neurons. ] Neurovirol. 2007;13:139-49.



[73]

[74]

[75]

[76]

[78]

[79]

[80]

[81]

[82]

[83]

Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons
http://dx.doi.org/10.5772/63750

Inman M, L. Lovato, A. Doster, and C. Jones. A mutation in the latency-related gene of
bovine herpesvirus 1 leads to impaired ocular shedding in acutely infected calves. ]
Virol. 2001;75:8507-15.

Perez S, M. Inman, A. Doster, and C. Jones. Latency-related gene encoded by bovine
herpesvirus 1 promotes virus growth and reactivation from latency in tonsils of infected
calves. ] Clin Micro. 2005;43:393-401.

Perez S, F. Meyer, K. Saira, A. Doster, and C. Jones. Premature expression of the latency-
related RNA encoded by bovine herpesvirus type 1 correlates with higher levels of beta
interferon RNA expression in productively infected cells. ] Gen Virol. 2008;89(Pt 6):
1338-45.

Meyer F, S. Perez, Y. Jiang, Y. Zhou, G. Henderson, and C. Jones. Identification of a
novel protein encoded by the latency-related gene of bovine herpesvirus 1. ]|
Neurovirol. 2007;13:569-78.

Lovato L, M. Inman, G. Henderson, A. Doster, and C. Jones. Infection of cattle with a
bovine herpesvirus 1 (BHV-1) strain that contains a mutation in the latency related gene
leads to increased apoptosis in trigeminal ganglia during the transition from acute
infection to latency. J Virol. 2003;77:4848-57.

Shen W and C. Jones. Open reading frame 2, encoded by the latency-related gene of
bovine herpesvirus 1, has antiapoptotic activity in transiently transfected neuroblas-
toma cells. ] Virol. 2008;82(21):10940-5.

Sinani D, Y. Liu, and C. Jones. Analysis of a bovine herpesvirus 1 protein encoded by
an alternatively spliced latency related (LR) RNA that is abundantly expressed in
latently infected neurons. Virology. 2014;464-465:244-52.

Sinani D and C. Jones. Localization of sequences in a protein encoded by the latency
related gene of bovine herpesvirus 1 (ORF2) that inhibits apoptosis and interferes with
Notchl mediated trans-activation of the bICP0O promoter. ] Virol. 2011;85:12124-33.

Pittayakhajonwut D, D. Sinani, and C. Jones. A protein (ORF2) encoded by the latency
related gene of bovine herpesvirus 1 interacts with DNA. J Virol. 2013;87:5493-501.

Sinani D, L. Frizzo da Silva, and C. Jones. A bovine herpesvirus 1 protein expressed in
latently infected neurons (ORF2) promotes neurite sprouting in the presence of
activated Notchl or Notch3. J Virol. 2013(87):1183-92.

Workman A, D. Sinani, D. Pittayakhajonwut, and C. Jones. A protein (ORF2) encod-
ed by the latency related gene of bovine herpesvirus 1 interacts with Notchl and
Notch3. ] Virol. 2011;85:2536—46.

Meyer F, S. Perez, V. Geiser, M. Sintek, M. Inman, and C. Jones A protein encoded by
the bovine herpes virus 1 (BHV-1) latency related gene interacts with specific cellular
regulatory proteins, including the CCAAT enhancer binding protein alpha (C/EBP-a).
J Virol. 2007;81:59-67.

255



256 Herpesviridae

[85]

[86]

[87]

[88]

[90]

[91]

[92]

[93]

[94]

[96]
[97]

[98]

Meyer F and C. Jones. The cellular transcription factor, CCAAT enhancer-binding
protein alpa (C/EBP-a) has the potential to activate the bovine herpesvirus 1 immedi-
ate early transcription unit 1 promoter. ] Neurovirol. 2009;15:1-8.

Liu L and C. Jones. Regulation of Notch-mediated transcription by a bovine herpesvi-
rus 1 encoded protein (ORF2) that is expressed in latently infected sensory neurons. J
Neurovirol. 2016 (in press).

Berezovska O, P. McLean, R. Knowles, M. Frosh, F.M. Lu, S.E. Lux, et al. Notch1 inhibits
neurite outgrowth in postmitotic primary neurons. Neuroscience. 1999;93:433-9.

El Bejjani R and M. Hammerlund. Notch signaling inhibits axon regeneration. Neuron.
2012;73:268-78.

Hitoshi S, T. Alexson, V. Tropepe, D. Donoviel, A. Elia, ]J. Nye, et al. Notch pathway
molecules are essential for the maintenance, but not the generation, of mammalian
neural stem cells. Genes Dev. 2002;16:846-58.

Lassiter RN, ML.K. Ball, J.S. Adams, B.T. Wright, and M.R. Stark. Sensory neuron
differentiation is regulated by notch signaling in the trigeminal placode. Dev Biol.
2010;344:836-48.

Levy, O.A,, ].J. Lah, and A.L Levey. Notch signaling inhibits PC12 cell neurite out-
growth via RBP-J-dependent and -independent mechanisms. Dev Neurosci.
2002;24:79-88.

Perng G-C and C. Jones. Towards an understanding of the Herpes Simplex Virus Type 1
latency-reactivation cycle. Interdisciplinary Perspect Infect Dis. 2010;2010:1-18.

Thompson RL and N.M. Sawtell. The herpes simplex virus type 1 latency associated
transcript locus is required for the maintenance of reactivation competent latent
infections. ] Neurovirol. 2011;17:552-8.

Pan D, O. Flores, J.L. Umbach, ].M. Pesola, P. Bentley, P.C. Rosato, et al. A neuron-
specific host micrRNA targets herpes simplex virus-1 ICP0 expression and promotes
latency. Cell Host Microbe. 2014;15:446-56.

Shu M, T. Du, G. Zhou, and B. Roizman. Role of activating transcription factor 3 in the
synthesis of latency-associated transcript and maintenance of herpes simplex virus 1
in latent state in ganglia. Proc Natl Acad Sci U S A. 2015;39:E5420-E6.

Clevers H and R. Nusse. Wnt/B-catenin signaling and disease. Cell. 2012;149:1192-205.

Salinas PC. Wnt signaling in the vertebrate central nervous system: from axon guidance
to synaptic function. Cold Spring Harb Perpect Biol. 2012;4:a008003.

Purro SA, S. Galli, and P.C. Salinas. Dysfunction of Wnt signaling and synaptic
disassembly in neurodegenerative diseases. ] Mol Cell Biol. 6(6):75-80.



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons
http://dx.doi.org/10.5772/63750

Bhardwaji D, M. Nager, J. Camats, M. David, A. Benguira, A. dopazo, et al. Chemo-
kines induce axon outgrowth downstream of hepatocyte growth factor and TCF/beta-
catenin signaling. Front Cell Neurosci. 2013;7:1-10.

Murase S, E. Mosser, and E.M. Schuman. Depolarization drives beta-catenin into
neuronal spines promoting changes in synaptic structure and function. Neuron.
2002;35:91-105.

Bamji SX, B. Rico, N. Kimes, and L.F. Reichardt. BDNF mobilizes synaptic vesicles and
enhances synaptic vesicles and enhances synapse formation by disrupting cadherin-
beta-catenin interactions. ] Cell Biol. 2006;174:289-99.

Grigoryan T, P. Ward, A. Klaus, and W. Birchmeir. Deciphering the function of
canonical Wnt signals in development and disease: conditional loss-and gain-of-
function mutations of beta-catenin in mice. Gene Dev. 2015;22:2308-41.

Liu Y, M. Hancok, A. Workman, A. Doster, and C. Jones. B-catenin, a transcription
factor activated by canonical Wnt signaling, is expressed in sensory neurons of calves
latently infected with bovine herpesvirus 1. ] Virol. 2016;90(6):3148-59.

Kalamvoki M, T. Du, and B. Roizman. Cells infected with herpes simplex virus 1 export
to uninfected cells exosomes containing STING, viral mRNAs, and microRNAs. Proc
Natl Acad Sci U S A. 2014;111:E4991-E6.

Kook I, A. Doster, and C. Jones. Bovine herpesvirus 1 regulatory proteins are detect-
ed in trigeminal ganglionic neurons during the early stages of stress-induced escape
from latency. ] Neurovirol. 2015;21:585-91.

Zhao$§, ]. Fu, X. Liu, T. Wang, ]. Zhang, and Y. Zhao. Activation of Akt/GSK-3beta/beta-
catenin signaling pathway is invovlved in survival of neurons after traumatic brain
injury in rats. Neurol Res. 2012;34:400-7.

Matrisciano F, C.L. Buscetti, D. Bucci, R. Orlando, A. Caruso, G. Molinaro, et al.
Induction of the Wnt antagonist Dickkopf-1 is involved in stress-induced hippocam-
pal damage. PLoS One. 2011;6:e16447.

Mastroiacovo F, C.L. Busceti, F. Biagioni, S.G. Moyanova, M.H. Meisler, et al. Induction
of the Wnt antagonist, Dickopf-1, contributes to the development of neuronal death in
models of brain focal ischemia. ] Cereb Blood Flow Metabol. 2009;29:264-76.

Moors M, R. Bose, K. Johansson-Haque, K. Edoff, S. Okret, and S. Ceccatelli. Dick-
kopf mediates glucocorticoid-induced changes in human neural progenitor cell
proliferation and differentiation. Toxicol Sci. 2012;125:488-95.

Ellies DL, V. Church, P. Francis-West, and A. Lumsden. The Wnt antagonist cSFRP2
modulates programmed cell death in teh developing hindbrain. Development.
2000;127:5285-95.

257



258 Herpesviridae

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Jones C, T.J. Newby, T. Holt, A. Doster, M. Stone, ]J. Ciacci-Zanella, et al. Analysis of
latency in cattle after inoculation with a temperature sensitive mutant of bovine
herpesvirus 1 (RLB106). Vaccine. 2000;18(27):3185-95.

Winkler MT, A. Doster, J.H. Sur, and C. Jones. Analysis of bovine trigeminal ganglia
following infection with bovine herpesvirus 1. Vet Microbiol. 2002;86(1-2):139-55.

Cantin EM, D.R. Hinton, J. Chen, and H. Openshaw. Gamma interferon expression
during acute and latent nervous system infection by herpes simplex virus type 1. J
Virol. 1995;69(8):4898-905.

Halford WP, B.M. Gebhardt, and D.J. Carr. Persistent cytokine expression in trigemi-
nal ganglion latently infected with herpes simplex virus type 1. ] Immunol. 1996;157(8):
3542-9.

LiuT, Q. Tang, and R.L. Hendricks. Inflammatory infiltration of the trigeminal ganglion
after herpes simplex virus type 1 corneal infection. ] Virol. 1996;70(1):264-71.

Shimeld C, J.L. Whiteland, N.A. Williams, D.L. Easty, and T.J. Hill. Reactivation of
herpes simplex virus type 1 in the mouse trigeminal ganglion: an in vivo study of virus
antigen and immune cell infiltration. ] Gen Virol. 1996;77(Pt 10):2583-90.

Shimeld C, J.L. Whiteland, N.A. Williams, D.L. Easty, and T.J. Hill. Cytokine produc-
tion in the nervous system of mice during acute and latent infection with herpes simplex
virus type 1. ] Gen Virol. 1997;78(Pt 12):3317-25.

Shimeld C, J.L. Whiteland, S.M. Nicholls, E. Grinfeld, D.L. Easty, H. Gao, et al. Imnmune
cell infiltration and persistence in the mouse trigeminal ganglion after infection of the
cornea with herpes simplex virus type 1. ] Neuroimmunol. 1995;61(1):7-16.

Theil D, T. Derfuss, 1. Paripovic, S. Herberger, E. Meinl, O. Schueler, et al. Latent
herpesvirus infection in human trigeminal ganglia causes chronic immune response.
Am ] Pathol. 2003;163:2179-84.

Liu T, K.IM. Khanna, X. Chen, D.]. Fink, and R.L. Hendricks. CD8(+) T cells can block
herpes simplex virus type 1 (HSV-1) reactivation from latency in sensory neurons [In
Process Citation]. ] Exp Med. 2000;191(9):1459-66.

Liu T, K.M. Khanna, B.N. Carriere, and R.L. Hendricks. Gamma interferon can prevent
herpes simplex virus type 1 reactivation from latency in sensory neurons. J Virol.
2001;75(22):11178-84.

Khanna KM, R.H. Bonneau, P.R. Kinchington, and R.L. Hendricks. Herpes simplex
virus-specific memory CD8+ T cells are selectively activated and retained in latently
infected sensory ganglia. Immunity. 2003;18:593-603.

Prbhakaran K, B.S. Sheridan, P.R. Kinchington, K.M. Khanna, V. Decman, K. Lathrop,
et al. Sensory neurons regulate the effector functions of CD8+ T cells in controlling
HSV-1 latency ex vivo. Immunity. 2005;23:515-23.



[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons
http://dx.doi.org/10.5772/63750

Knickelbein JE, K.M. Khanna, M.B. Yee, C.J. Baty, P.R. Kinchington, et al. Noncytotox-
ic lytic granule-mediated CD8+ T cell inhibition of HSV-1 reactivation from neuronal
latency. Science. 2008;322:268-72.

Mott KR, S.J. Allen, M. Zandian, B. Konda, B.G. Sharifi, C. Jones, et al. CD8a dendrit-
ic cells drive establishment of HSV-1 latency. PLoS One. 9(4).

Frizzo da Silva L, I. Kook, A. Doster, and C. Jones. Bovine herpesvirus 1 regulatory
proteins, bICP0 and VP16, are readily detected in trigeminal ganglionic neurons
expressing the glucocorticoid receptor during the early stages of reactivation from
latency. J Virol. 2013;87:11214-22.

Workman A, J. Eudy, L. Smith, L. Frizzo da Silva, D. Sinani, H. Bricker, et al. Cellular
transcription factors induced in trigeminal ganglia during dexamethasone-induced
reactivation from latency stimulate bovine herpesvirus 1 productive infection and
certain viral promoters. J Virol. 2012;86:2459-73.

Kook I, C. Henley, F. Meyer, F. Hoffmann, and C. Jones. Bovine herpesvirus 1 produc-
tive ifnection and the immediate early transcription unit 1 are stimulated by the
synthetic corticosteroid dexamethasone. Virology. 2015;484:377-85.

Thompson RL, C.M. Preston, and N.M. Sawtell. De novo synthesis of VP16 corrdi-
nates the exit form HSV latency in vivo. PLoS Pathog. 2009;5:1-12.

Kim JY, A. Mandarino, M.V. Chao, I Mohr, and A.C. Wilson. Transient reversal of
episome silencing precedes VP16-dependent transcription during reactivation of
HSV-1 in neurons. PLoS Pathog. 2012;8:e1002540.

Garlanda C, B. Bottazzi, A. Bastone, and A. Mantovani. Pentraxins at the crossroads
between innate immunity, inflammation, matrix deposition, and female fertility. Annu
Rev Immunol. 2005;23:337-66.

Kaczynski J, T. Cook, and R. Urrutia. Spl- and Kruppel-like transcription factors.
Genome Biol. 2003;4:206.1-8.

Bieker JJ. Kruppel-like factors: three fingers in many pies. ] Biol Chem. 2001;276:34355—
8.

Sinani D, E. Cordes, A. Workman, P. Thunuguntia, and C. Jones. Stress induced cellular
transcription factors expressed in trigeminal ganglionic neurons stimulate the herpes
simplex virus type 1 (HSV-1) infected cell protein 0 (ICP0O) promoter. J Virol.
2013;87:1183-92.

Deshmane SL and N.W. Fraser. During latency, herpes simplex virus type 1 DNA is
associated with nucleosomes in a chromatin structure. J Virol. 1989;63:943-7.

Kubat N, R.K. Tran, P. McAnanny, and D.C. Bloom. Specific histone tail modification

and not DNA methylation is a determinant of HSV-1 latent gene expression. ] Virol.
2004(78):1139-409.

259



260 Herpesviridae

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Knipe DM and A. Cliffe. Chromatin control of herpes simplex virus lytic and latent
infection. Nat Rev Microbiol. 2008;6:211-21.

Perlman T. Glucocorticoid receptor DNA-binding specificity is increased by the
organization of DNA in nucleosomes. Proc Natl Acad Sci U S A. 1992;89:3884-8.

Perlman TaOW. Specific glucocorticoid receptor binding to DNA reconstituted in
nucleosome. EMBO J. 1988;7:3073-9.

Lin QaOW. Translational positioning of a nucleosome: glucocorticoid response element
moulates glucocorticoid receptor affinity. Genes Dev. 1993;7:2471-82.

Foy RaWH. Sequence-specific positioning of nucleosomes over the steroid-inducible
MMTYV promoter. EMBO J. 2003;6:2321-8.

Zaret KSaKRY. Reversible and presistent changes in chromatin structure accompany
activation of a glucocorticoid-dependent enhancer element. Cell. 1984;258:1780—4.

John S, P.J. Sabo, R.E. Thurman, M.H. Sung, S.C. Biddie, T.A. Johnson, G.L. Hager, and
J.A. Stamatoyannopoulos. Cromatin accessibility pre-determined glucocorticoid
receptor binding patterns. Nat Genet. 2011(43):264-8.

Voss TC, R.L. Schiltz, M.H. Sung, P.M. Yen, ]J.A. Stamatoyannopoulos, S.C. Biddie, et
al.. Dynamic exchange at regulatory elements during chromatin remodeling under-
lies assisted loading mechanism. Cell. 2011;146:544-54.

ZaretKSand ].S. Carrol. Pioneer transcription factors: establishing competence for gene
expression. Genes Dev. 2011;25:2227-41.

Iwafuchi-Doi M and K.S. Zaret. Pioneer transcription factors in cell reprogramming.
Genes Dev. 2014;28:2679-92.

Soufi A, M.F. Garcia, A. Jaroszewcz, N. Osman, M. Pellegrini, and K.S. Zaret. Pioneer
transcription factors target partial DNA motifs on nucleosomes to initiate reprogram-
ming. Cell. 2015;161:555-68.

Shimeld C, D.L. Easty, and T.J. Hill. Reactivation of herpes simplex virus type 1 in the
mouse trigeminal ganglion: an in vivo study of virus antigen and cytokines. J Virol.
1999;73(3):1767-73.

Inman M, G.-C. Perng, G. Henderson, H. Ghiasi, A.B. Nesburn, S.L. Wechsler a, et al.
Region of herpes simplex virus type 1 latency-associated transcript sufficient for wild-
type spontaneous reactivation promotes cell survival in tissue culture. ] Virol.
2001;75(8):3636—46.

Perng G-C, C. Jones, J. Ciacci-Zanella, M. Stone, G. Henderson, A. Yukht, et al. Virus-
induced neuronal apoptosis blocked by the herpes simplex virus latency-associated
transcript (LAT). Science. 2000;287:1500-3.



[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Latency of Bovine Herpesvirus 1 (BoHV-1) in Sensory Neurons
http://dx.doi.org/10.5772/63750

Ciacci-Zanella J, M. Stone, G. Henderson, and C. Jones. The latency-related gene of
bovine herpesvirus 1 inhibits programmed cell death. ] Virol. 1999;73(12):9734-40.

Shen W, M.S.e. Silva., T. Jaber, O. Vitvitskaia, S. Li, G. Henderson, et al. Two small
RNAs encoded within the first 1.5 kb of the herpes simplex virus type 1 (HSV-1) latency-
associated transcript (LAT) can inhibit productive infection, and cooperate to inhibit
apoptosis. ] Virol. 2009;90:9131-9.

Umbach JL, M.F. Kramer, I. Jurak, HW. Karnowski, D.M. Coen, and B.R. Cullen.
MicroRNAs expressed by herpes simplex virus 1 during latent infection regulate viral
mRNAs. Nature. 2008;454:780-5.

Li S, D. Carpenter, C. Hsiang, S.L. Wechsler, and C. Jones. The herpes simplex virus
type 1 latency-associated transcript (LAT) locus inhibits apoptosis and promotes
neurite sprouting in neuroblastoma cells following serum starvation by maintaining
active AKT (protein kinase B). ] Gen Virol. 2010;91:858-66.

Perng G-C, B. Maguen, L. Jin, K.R. Mott, N. Osorio, S.M. Slanina, et al. A gene capa-
ble of blocking apoptosis can substitute for the herpes simplex virus type 1 latency-

associated transcript gene and restore wild-type reactivation levels. ] Virol.
2002;76:1224-35.

Mott K, N. Osorio, L. Jin, D. Brick, J. Naito, J. Cooper, et al. The bovine herpesvirus 1
LR ORF2 is crucial for this gene's ability to restore the high reactivation phenotype to
a Herpes simplex virus-1 LAT null mutant. ] Gen Virol. 2003;84:2975-85.

Cassidy L, ]. Meadows, J. Catalan, and S. Barton. Are stress and coping style associat-
ed with frequent recurrence of genital hereps? Genitourin Med. 1997;73:263-6.

Glaser R, J.K. Kiecolt-Glaser, C.E. Speicher, and J.E. Holliday. Stress, loneliness, and
changes in herpesvirus latency. ] Behav Med. 1985;8:249-60.

Padgett DA, J.F. Sherida, J. Dorne, G.G. Berntson, J. Candelora, and R. Glaser. Social
stress and the reactivation of latent herpes simplex virus type 1. Proc Natl Acad Sci U
S A. 1998;95:7231-5.

Du T, G. Zhou, and B. Roizman. Induction of apoptosis accelerates reactivation from
latent HSV-1 in ganglionic organ cultures and replication in cell cultures. Proc Natl
Acad Sci U S A. 2012;109:14616-21.

Wirth UV, K. Gunkel, M. Engels, and M. Schwyzer. Spatial and temporal distribution
of bovine herpesvirus 1 transcripts. ] Virol. 1989;63(11):4882-9.

261



ntechOpen

ntechOpen



